This study investigates the deployment of a medium-scale neutrino detector near Turkey's first nuclear power plant, the Akkuyu Nuclear Power Plant. The aim of this detector is to become a modular testbed for new technologies in the fields of new detection media and innovative photosensors. Such technologies include Water-based Liquid Scintillator (WbLS), Large Area Picosecond Photo-Detectors (LAPPDs), dichroic Winston cones, and large area silicon photomultiplier modules. The detector could be used for instantaneous monitoring of the Akkuyu Nuclear Power Plant via its antineutrino flux. In addition to its physics and technological goals, it would be an invaluable opportunity for the nuclear and particle physics community in Turkey to play a role in the development of next generation of particle detectors in the field of neutrino physics.
Introduction
Neutrinos, the most abundant massive particles in the universe, are believed to be vital ingredients in many mysterious physics processes. In addition to the neutrino mass being an experimental palpable evidence beyond the Standard Model of particle physics, there are many questions related to neutrinos still need to be answered.
Neutrinos are generated by numerous sources, cosmic rays, the Sun, supernovae, nuclear decay, nuclear reactors and particle accelerators. They can provide information about fusion processes that power the Sun and stars, about radioactive decays inside the Earth, or the fission reactions utilized in nuclear reactors. The Akkuyu Nuclear Power Plant (Akkuyu NPP), which will be the first to be built in Turkey, offers a great opportunity for building the country's very first neutrino detector and fuelling the expanding field of neutrino science in Turkey.
In their recent paper, S. Ozturk et. al. [1] proposed a 1-ton water Cherenkov detector doped with gadolinium (Gd) and instrumented with 10-inch photomultiplier tubes (PMTs) as a way to monitor the Akkuyu NPP at very short distances. Another paper by M. Kandemir and A. Cakir [2] proposed a mobile near-field (<100 m) detector based on plastic scintillator bars and 3-inch PMTs. More recently, S. Ozturk has conducted some simulation studies for another short-range detector with gadolinium-loaded plastic scintillator bars and PMTs using multivariate analysis techniques [3] .
All of those studies propose near-field, small size detectors likely on the site of the Akkuyu NPP. By contrast, the study presented here aims for an international collaborative effort to build an innovative medium-size neutrino detector a few kilometers away from the site of the power plant. The project goals will be:
• monitoring the Akkuyu NPP in a non-intrusive manner by measuring the antineutrino flux originating from its reactors,
• deploying and testing new technologies (Gd-loaded WbLS [4] , LAPPDs [5] , dichroic Winston cones, also nicknamed dichroicons [6, 7] , etc.) for future neutrino experiments such as WATCHMAN [8] and THEIA [9] ,
• recruiting and training the next generation of detector experts and neutrino physicists in Turkey.
In the meantime, the aforementioned near-field, small-size neutrino detectors may fall within this collaborative effort and could be supported. Our aim is to develop a comprehensive Research & Development (R&D) program based around Neutrino Physics but that will benefit many related fields including High Energy Physics (HEP), Nuclear Physics (NP) and Astroparticle Physics (AP). Researchers from each of these disciplines would be invited to join this collaborative effort to reach its goals in the field of neutrinos. International collaborations with groups wishing to deploy and tests new technologies are also foreseen. This paper describes a detector for monitoring the Akkuyu NPP that incorporates several novel and growing technologies:
• the use of Water-based Liquid Scintillator (WbLS), a new detection medium that combines the tracking capabilities of Cherenkov detectors with the energy resolution and sensitivity of scintillation detectors,
• Gd-loaded media to enable neutron tagging, improving detection efficiency and reconstruction capabilities,
• multiple new photodetector technologies that enable the separation of light components and would allow multi-track reconstruction and the identification of more exclusive final states.
We consider a 30-ton WbLS neutrino detector that would reside in an underground laboratory below one of the hills in the immediate vicinity (1-3 km) of the Akkuyu NPP.
New Technologies
The increasing need for precise kinematic reconstruction of particle interactions is driving a global effort in the particle physics community to develop new technologies in the fields of detection media and photon detectors. The following section presents a non-exhaustive list of active research areas that are of interest for a future testbed in Turkey with immediate application in a neutrino experiment.
Water-based Liquid Scintillator
Water-based Liquid Scintillator (WbLS) is a homogeneous mixture of pure water and organic liquid scintillator developed at Brookhaven National Laboratory [4] . The addition of a high light yield liquid scintillator into water allows the detection of particles with an energy below the Cherenkov threshold while preserving the advantages of pure water; directional capability, cost and scalability. By adjusting the content of liquid scintillator in the mixture, one can maximize the potential of a WbLS detector. Previous successful attempts to load metals in water as well as in liquid scintillator are a good indicator that WbLS can also be loaded with a neutron detection enhancing isotope such as gadolinium (Gd) or lithium (Li).
An active worldwide R&D program is currently ongoing to fully develop and characterize WbLS and future large-scale projects such as THEIA have already chosen it as their main target medium. Other smaller projects such as ANNIE [10] and WATCHMAN also plan to deploy WbLS as a detection medium.
For the purpose of this study, we made only two realistic assumptions concerning WbLS performance: (1) WbLS can be loaded with an element such as Gd or Li to enhance its neutron detection capabilities, and (2) a WbLS mixture with a 10% liquid scintillator content can be manufactured and utilized.
New Photosensors

Large Area Picosecond Photo-Detectors
Large Area Picosecond Photo-Detectors (LAPPDs) are 20 cm x 20 cm microchannel plate based photosensors [5] . Their thin form factor and segmented anode strip readout allows them to reach a single photoelectron time resolution of about 50 ps and sub-cm spatial resolution [11] . These two characteristics make them an invaluable tool not just in detecting single photons but also reconstructing temporal and spatial light patterns such as Cherenkov rings. LAP-PDs have been tested on dedicated setups in the past [12] and will be deployed and operated in the ANNIE experiment with the goal of demonstrating their capabilities as an imaging detector for particle physics. LAPPDs in combination with WbLS could improve the separation between directional Cherenkov light and isotropic scintillation light allowing for accurate kinematic reconstruction in addition to precise calorimetric measurement.
Wavelength-selective Light Concentrators
Scintillation and Cherenkov light exhibit different wavelength spectra. While Cherenkov light has a broad distribution with an intensity decreasing as the wavelength increases, scintillation light is typically narrower and centered around 360 nm depending on the scintillating fluor. Performing a spectral filtration using dichroic filters allows separation of the scintillation and Cherenkov components of the light with little losses, as described in Ref. [6] . The use of light concentrators such as Winston cones covered with dichroic filters would provide a powerful way of separating the two light components while increasing light collection efficiency [7] .
Silicon Photomultiplier Modules
The use of Silicon Photomultipliers, or SiPMs, has been increasingly widespread throughout the particle physics community [13] . These solid-state single photon sensors have characteristics similar to those of photomultiplier tubes but with the advantages of much lower operating voltages and a very small size, usually on the mm-scale. The latter is particularly interesting when trying to reconstruct light patterns since a surface covered with SiPMs could be considered as a highly pixelated sensor. A tightly packed array of SiPMs would have the imaging capabilities of an LAPPD with added benefits of a less stringent voltage requirement and a more modular deployment. However, it would also require more readout channels for the same area and would require tolerating a higher single photoelectron noise if operated at room temperature.
Experimental Setup
Neutrinos from the Akkuyu Nuclear Power Plant
Nuclear reactors are by far the most intense man-made source of antineutrinos. Each fission reaction occurring in the reactor core releases on average 200 MeV of energy, several neutrons and two neutron-rich fission products.
These elements undergo a series of β-decays emitting on average of 6 electron antineutrinos (ν e ) in the process 1 . The number, as well as the energy distribution of the neutrinos, is slightly dependent on the element at the origin of the fission chain ( 235 U, 238 U, 239 Pu or 241 Pu). During a reactor operation cycle, its fuel composition evolves and, as its uranium content decreases and more plutonium is produced, the rate of neutrinos and their energy distribution changes.
While a good understanding of this evolution is critical for precision measurements using reactor neutrinos, a constant fuel composition will be assumed in the rest of this study.
Using this information, the number of neutrinos emitted by a nuclear reactor core can be approximated to 2 × 10 20ν e .GW th .s −1 , a rate directly dependent on the thermal power of the reactor.
The Akkuyu nuclear power plant, the construction of which started in 2018, is located in the Mersin province in Turkey. It will be Turkey's first operational nuclear power plant and will consist of four identical VVER-1200 reactor units, each having an electrical power capacity of 1.2 GW e . Assuming a realistic thermal efficiency of 35%, each reactor core will have a thermal capacity of about 3.4 GW th for a total output of 13.6 GW th . The Akkuyu reactors are Pressurized Water Reactors (PWR) and operate with fuel enriched in 235 U to a level of about 5%, classifying it as a Lowly Enriched Uranium, or LEU, fuel.
The summed energy spectrum of the neutrinos used in the remainder of this study was obtained from the fuel fractions of LEU from Ref. [14] .
Historically, and due to its high cross section at MeV-scale energies, the Inverse Beta Decay (IBD) reaction has been widely used to detect electron antineutrinos.
This process, expressed asν e + p → e + + n, is a charged-current antineutrino scattering reaction occurring on a free proton and leads to the creation of a positron and a neutron. The outgoing positron carries most of the incoming neutrino energy while the neutron is generated at energies ranging from ∼10-100 keV. This reaction has a threshold of 1.8 MeV, meaning only a fraction of the neutrinos generated by fission products can be detected through IBD. A detailed calculation of the differential IBD cross section can be found in Ref. [15] .
The high hydrogen content of water and organic liquids and plastics makes them attractive media to detect neutrinos through the IBD process. In such materials, positrons deposit their energy and annihilate almost instantaneously while neutrons lose energy through elastic scattering, typically for a few 100's of microseconds, before being captured at thermal energies. The coincidence of the two events is a key selection criteria for extracting neutrinos generated through IBD from other backgrounds. In order to reduce the time difference between the prompt and delayed events (due to the positron and the neutron respectively), a dopant with a higher thermal neutron capture cross section can such as lithium or chlorine, have also been used in previous experiments [16, 17] .
Detector Design
For this study, a monolithic detector using a liquid detection medium is considered. The detector consists of a 30-ton cylindrical volume, 4.3 m high and 3 m in diameter, containing Water-based Liquid Scintillator with a 10% liquid scintillator content and a gadolinium loading of 0.1% by mass. A sketch of the detector and its photosensors is displayed in Figure 1 .
The choice of detection medium is motivated by the fact that this detector is intended as a cost-effective testbed for new technologies 2 . It is instrumented with 227 10-inch High Quantum Efficiency PMTs, placed on the walls of the cylindrical tank and facing the inside of the volume, providing a total photocoverage of around 30%.
The walls and top cap of the detector are covered with Resistive Plate Chambers (RPCs) to tag charged particles, mainly atmospheric muons, entering the inner volume. The detection efficiency of such gas detectors is known to reach values above 99% [18] making them a reliable and cost-efficient veto apparatus.
Further atmospheric muon tagging can be performed using the high amount of visible energy left by a muon track in the detector volume. In order to reduce the external backgrounds from natural radioactivity or atmospheric muon spallation on the surrounding materials, the detector will be situated in a cavity and surrounded by a passive water shield with a thickness of 50 cm.
In order to reduce the rate of atmospheric muons passing through the de- tector and its surroundings, the detector must be installed underground. Fortunately, the hills surrounding the Akkuyu power plant are ideal locations, offering an ample overburden even at distances as close as 1 km from the plant, as shown in Figure 2 .
For this study, we will assume our detector is installed in a cavern under the hill north of the plant offering a rock overburden of 250 meters, or 650 meter water equivalent (m.w.e) considering an average generic rock density of 2.6 g.cm −3 . This location is optimal both in that it maximizes the neutrino flux, which follows a 1/D 2 behavior with D the distance from the detector to the reactors, and that it provides the most shielding overburden. 
Simulation Studies
Signal Simulation
To understand the detector response and assess its efficacy to detect reactor neutrinos, we simulated Inverse Beta Decay (IBD) events in the entire detector volume. The conversion between deposited energy and the number of photoelectrons detected by the PMTs was established from simulations of electrons at the center of the detector. All simulations were performed using the GEANT4-based RAT-PAC simulation package 3 [19] .
When simulating WbLS loaded to a concentration of 10% liquid scintillator, we estimated its light yield to be 1000 photons per MeV -assuming a light yield of 10,000 photons per MeV for pure scintillator. Along with scintillation, some light will also originate from Cherenkov emission. For a 1 MeV electron, we found that an average of 230 additional photons were generated through Cherenkov emission. As our simulated detector is using conventional PMTs as photosensors, distinction between these two sources of photons was beyond our capability and only their sum was used for the calorimetric measurement. The use of fast photosensors, as discussed in Section 2.2, would allow the separation of these light components and provide more accurate energy and position reconstruction.
As shown in Figure 3 In order to simulate IBD events in the detector, we generated positronneutron pairs with realistic energy and angular distributions obtained from Ref. [15] . Since detection efficiency is expected to be largely suppressed outside structures: the narrow 2.2 MeV peak from neutron captures on hydrogen and the broader peak from neutron captures on gadolinium centered around 8 MeV.
The tail of the latter at lower energies is due to gamma cascades where one or several gammas escape the detector volume. The time difference between the prompt and delayed events follows an exponential distribution with a ∼24 µs mean decay time, as expected for a medium loaded with 0.1% gadolinium.
Signal Selection
Background rejection is critical for detecting reactor neutrinos. Fortunately, the positron-neutron pair of IBD products provides a strong set of observables that can be used to suppress backgrounds events, mostly considered uncorrelated with each other. Applying a selection cut on the time distribution helps discriminate IBD events from random background coincidences. Selecting events whose prompt-delayed time difference falls between 0 and 100 µs, given the ∼24 µs mean capture time of neutrons in a 0.1% Gd-loaded detection medium, allows us to maintain a signal purity of 98% while discarding most accidental coincidences.
Similarly, selecting delayed events whose energy is reconstructed between 4 and 10 MeV is a strong method to eliminate backgrounds from natural radioactivity, such as 40 K (1.461 MeV gamma ray) and 208 Tl (2.614 MeV gamma ray), and better isolate neutron captures on gadolinium generating ∼8 MeV gamma cascades. Such an energy cut yields a signal purity of 74%. Without applying an energy cut on the reconstructed prompt energy, to fully observe the spectrum of reactor neutrinos, the two aforementioned cuts yield a 73% efficiency of isolating signal IBD pairs with a strong background discrimination.
After these cuts, about 50 neutrinos per day are expected to be efficiently reconstructed in a 30-ton WbLS detector deployed 1 km away from the Akkuyu NPP.
Discussion
This proposed WbLS detector in Turkey aims to be an excellent modular test platform for the development of technology for future neutrino experiments around the globe. This technological goal comes in addition to its purpose of monitoring the Akkuyu NPP at a distance considered non-intrusive for the plant operation, a feature of interest for nuclear safeguard applications [20] . For this detector apparatus, we don't rule out the possibility to use other detector media such as pure water, Gd-doped water or liquid scintillator. Water
Cherenkov detectors are cost-efficient and easily scalable, but in the case of reactor monitoring they come with the disadvantage of a lower detection efficiency for low energy events. On the other hand, liquid scintillator detectors offer a lower detection threshold given their higher light yield but their size is limited by cost and light attenuation. Since both technologies have been successfully used in the past to detect low energy neutrinos [21] [22] [23] [24] their deployment as the single detection medium for this detector presents little interest. However, a combination of the two, for instance WbLS in an outer volume and pure scintillator inside an inner volume, would be an option that could be investigated.
Such a scenario would provide crucial inputs for a THEIA-like detector aimed at studying neutrinoless double-beta decay.
In this study we consider a WbLS detector with a 10% scintillator loading and a 0.1% gadolinium doping. The gamma cascade released by gadolinium deexcitation upon a neutron capture induces a spatially broad energy deposition in the vicinity of the capture location. For applications where a precise vertex reconstruction is required, such as the reduction of high-intensity backgrounds or the reconstruction of the incoming neutrino flux direction [25, 26] , a pointlike energy deposition is preferred. For that purpose, several neutrino detectors are designed to use 6 Li instead of Gd as their neutron capture enhancement isotope [27, 28] . A neutron capture on 6 Li leads to the creation of an alpha particle ( 4 He) and a tritium nucleus ( 3 H). These two massive particles deposit their energy over such short tracks that they are usually considered point-like. As previously stated, background mitigation is of the utmost importance for low energy reactor neutrino detection. Internal and external gamma backgrounds, mostly caused by radioactive decays in the detector or its surroundings must be kept to a minimum. This is achieved by careful screening and the use of low activity materials (acrylic, low radioactivity PMT glass, etc.), purifying the detection medium at the manufacturing stage or in-situ, and installing an adequate amount of shielding around the detector. Backgrounds caused by atmospheric muons can be reduced by passive shielding and discarded using active vetos. The most common and efficient way to reduce the flux of atmospheric muons through and around the detector is to build it underground, below a rock overburden. Fortunately, the Akkuyu NPP is surrounded by several hills higher than 100 meters at distances as close as 1 km from the reactor cores, as shown in Figure 2 . Such an overburden significantly reduces the backgrounds caused by atmospheric muon interactions: (1) fast neutrons, generated by muon spallation on the surrounding materials and causing correlated background pairs (prompt from proton recoils and delayed from a neutron capture), (2) cosmogenics, radioactive isotopes generated through spallation and susceptible to emit neutrons upon decay, and (3) stopping muons, generating a prompt signal as they enter the detector and a delayed signal as they decay into Michel electrons. Dedi-cated studies performed in Refs. [29] and [30] provide a very useful calculation of such backgrounds for different muon fluxes. Such an extrapolation should be performed upon estimating or detecting the muon flux at the proposed location for the detector presented in this study.
With 50 neutrino events reconstructed per day, this WbLS detector will have the capability to perform a real-time monitoring of the Akkuyu NPP thermal power. In order to fully exploit its potential as a demonstrator for a safe, reliable and cost-effective nuclear non-proliferation neutrino detector, a strong collaborative effort with the power plant operator would be beneficial. This partnership would include sharing information such as the daily thermal power recorded by the operator and the estimated dates of refueling. Other, more sensitive information such as fuel content and fuel assembly geometry could be shared with selected members of the detector collaboration. We foresee that this joint effort will strengthen the ties between the fundamental particle physics and the nuclear energy communities.
Conclusion
In this paper, we present the first simulation results of a proposed medium- 
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